The concept of drug repositioning has recently received considerable attention in the field of oncology. In the present study, we propose that paroxetine can be used as a potent anticancer drug. Paroxetine, one of the selective serotonin reuptake inhibitors (SSRIs), has been widely prescribed for the treatment of depression and anxiety disorders. Recently, SSRIs have been reported to have anticancer activity in various types of cancer cells; however, the underlying mechanisms of their action
various types of cancer cells; however, the underlying mechanisms of their action
are not yet known. In this study, we investigated the potential anticancer effect of paroxetine in human colorectal cancer cells, HCT116 and HT-29. Treatment with paroxetine reduced cell viability, which was associated with marked increase in apoptosis, in both the cell lines. Also, paroxetine effectively inhibited colony formation and 3D spheroid formation. We speculated that the mode of action of paroxetine might be through the inhibition of two major receptor tyrosine kinases -MET and ERBB3 -leading to the suppression of AKT, ERK and p38 activation and induction of JNK and caspase-3 pathways. Moreover, in vivo experiments revealed that treatment of athymic nude mice bearing HT-29 cells with paroxetine remarkably suppressed tumour growth. In conclusion, paroxetine is a potential therapeutic option for patients with colorectal cancer.
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| INTRODUCTION
Many cancers, including colorectal cancer (CRC), are still difficult to treat. CRC is the third most common cancer in both men and women, and was ranked second responsible for cancer-related deaths globally in 2015. 1 Approximately 30% of CRC patients in Europe and the United States have metastasis at the time of diagnosis, 1, 2 suggesting that metastasis of CRC is mainly responsible for the global mortality burden. Metastatic CRC has been treated with 5-fluorouracil, which has remained the first choice of chemotherapy drug for many years, and several new targeted drugs such as humanized monoclonal antibody against EGFR (cetuximab) or anti-VEGFR (bevacizumab) have been recently used for the treatment of CRC patients. 3 However, the newly introduced drugs mostly showed very modest benefits at high costs and were often related to drug resistance. Therefore, the development of efficient drugs by exploiting new pathways and mechanisms of CRC metastasis is necessary.
Drug repositioning, the identification of new therapeutic indications for applying already approved drugs for other diseases, is recently gaining considerable attention. 4 A major advantage of this approach is that extensive clinical data on how a drug works in the body and its potential toxicity are already available. Furthermore, it might be a very effective or alternative strategy to develop anticancer drugs, because the conventional anticancer drug development process is particularly long and expensive. Thus, drug repositioning has a wide scope in oncology as a promising approach for the development of new treatments. 5 This approach has been widely applied to determine the first-line treatments for rare tumours, for which effective treatments are lacking, and to develop second-line regimens for relapsed disease. 6 In a previous epidemiological study, daily intake of SSRI was shown to reduce the risk of CRC, whereas no protective effect was found for TCAs. 11 In addition to other drugs belonging to SSRIs (eg, fluoxetine and sertraline), paroxetine is a potent SSRI, which has proven to be effective in treating generalized anxiety and major depressive disorders. 12 Moreover, paroxetine has been reported to have immunosuppressive effects in human lymphocytes 13 and exerts marked cytotoxic effect in several types of cancer cells. 14 In a previous study, SSRIs such as sertraline and paroxetine were shown to exhibit pro-apoptotic activity in the human CRC cell line, HT29. 15 However, the authors also provided conflicting in vivo data that sertraline, but not paroxetine, inhibited tumour growth in HT29-xenograft nude mice 15 ; further studies are needed to confirm this.
Therefore, in this study, we aimed to evaluate the anticancer activity of paroxetine in human CRC cells and in vivo xenograft nude mice and suggest novel molecular mechanisms underlying its apoptotic effect. 
| MATERIALS AND METHODS

| Materials
| Phospho-RTK array
Phospho-RTK array analysis was performed using a human phospho-RTK array kit (R&D Systems), according to the product manual. | 1107 intensity of the average signal of the pair of duplicated spots was calculated relative to that of the negative control spots. 
| Western blot analysis
| Annexin V apoptosis analyses
Apoptosis was detected using the annexin V-FITC apoptosis detection kit, as recommended by the manufacturer (MBL international Corp., Watertown, MA). Cells were treated with vehicle and paroxetine for 24 hours, fixed in 70% ethanol, and stored at −20°C for 24 hours. After the cells were stained with annexin V, apoptosis was determined using a BD FACS Calibur Flow Cytometer (BD Biosciences, San Jose, CA). 
| Xenograft assay
| Statistics
Quantitative data are shown as the mean value ± SD unless indicated otherwise. The statistical significance of compared values was analysed using two-tailed Student's t test or one-way ANOVA followed by Bonferroni test. All statistical analyses were performed using GraphPad Prism software. P values <0.05 were considered statistically significant. cells were more sensitive to paroxetine than HCT116 cells.
| Paroxetine inhibits anchorage-independent colony and spheroid formation of HCT116 and HT29 cells
The anticancer effect of paroxetine on HCT116 and HT29 cells was investigated by performing anchorage-independent colony formation assay, which is a key characteristic of the transformed cell phenotype. 20 Our data showed that treatment with paroxetine decreased colony formation by about 50% starting at a concentration of 
| Paroxetine alters the phosphorylation of RTKs and downstream signalling in HCT116 and HT29 cells
Next, the underlying mechanism by which paroxetine exhibits different anticancer activity in HCT116 and HT29 cells was investigated.
For this, a human phospho-RTK array was performed, and phosphorylation levels of different RTKs after treatment with paroxetine were compared. Impressively, the levels of the phosphorylated forms of MET, EPHB1, and EPHB2 were decreased in HCT116 cells, whereas those of phosphorylated-EGFR and -AXL remained unchanged after treatment with 10 μmol/L paroxetine ( Figure 4A ). treated with various concentrations of paroxetine for 48 h. Cell viability was measured using the MTT assay. Data are shown as the mean ± SD (n = 4). Statistical analysis was conducted using one-way ANOVA followed by Bonferroni test. **P < 0.01; ***P < 0.001 vs untreated control. IC 50 was determined using nonlinear regression by using GraphPad Prism software F I G U R E 2 Anti-proliferative activity of paroxetine in colony and spheroid formation of HCT116 and HT29 cells. A, Anchorage-independent growth of HCT116 and HT29 cells. Cells were seeded onto 6-well soft agar plates (8 × 10 3 cells/well) and incubated for 6 d.
Colony images were obtained using a light microscope. Random areas in colonies grown in soft agar were scanned (five areas per well, three wells per set). Error bars represent mean ± SD (n = 15). Statistical significance was determined using a Student's t test (**P < 0.01, ***P < 0.001). B, The effects of paroxetine on the growth of HCT116 and HT29 spheroids. Cells (2.5 × 10 3 cells/well) were dispensed into each well of an ultra-low attachment surface-coated 96-well plate. The cells were treated with various concentrations of paroxetine and incubated for 6 d. The spheroid images were obtained using a light microscope. C, Optical images and box-and whisker plots of HT29 and HCT116 cell spheroids; scale bar: 200 μm. Spheroid area was determined using Image J software. Statistical analysis was conducted using one-way ANOVA with Bonferroni test. ***P < 0.001, compared to untreated group Conversely, the phosphorylated levels of EGFR, MET, and ERBB3
were decreased in HT29 cells, whereas those of phosphorylatedinsulin R and IGF-1R were increased by treatment with 10 μmol/L paroxetine ( Figure 4A ). Notably, phosphorylated-MET was commonly detected and markedly decreased after treatment with paroxetine in both HCT116 and HT29 cells. However, the phosphorylation levels of ERBB2 in both HCT116 and HT29 cell lines were low and there was no significant difference in phosphorylated ERBB2 between the paroxetine treated cells and control cells ( Figure 4A ).
The expression and phosphorylation levels of RTKs were then con- (Figure S1 ). Taken together, these data suggest that paroxetine suppresses cancer progression via the inhibition of the common RTK pathway involving MET-p38, and JNK in both the cell lines. In addition to the common pathway, the ERBB3-ERK signalling pathway is also highlighted in HT29 cells, thereby providing a molecular mechanism by which paroxetine exhibits higher anticancer effect in HT29 cells.
| Paroxetine inhibits tumour growth in a HT29-xenograft model
The direct anticancer activity of paroxetine in vivo was determined by subcutaneously transplanting HT29 cells into athymic nude mice.
After treatment with 1 or 5 mg/kg paroxetine 3 times per week, remarkable inhibition of tumour growth was noted in HT29-xenograft mice, resulting in a significantly lower tumour volume (Figure 5A ) and weight ( Figure 5B ) than those in controls after 2 weeks of therapy. Representative photographs of the tumours that developed in mice are shown in Figure 5C .
| DISCUSSION
Our study proposes a molecular mechanism whereby paroxetine restrains CRC cell growth and survival, leading to the inhibition of rat C6 glioma cells and human SH-SY5Y neuroblastoma cells. 10 Chou et al showed that paroxetine decreases cell viability and induces apoptosis in human MG63 osteosarcoma cells. 16 Gil-Ad et al found that paroxetine induces the inhibition of cell growth in human HT29 and LS1034 colon adenocarcinoma cell lines. 15 Kuwahara et al showed the apoptotic effect of paroxetine in human HepG2 hepatocellular carcinoma cells. 9 Consistent with the findings of these studies, our findings revealed the capacity of paroxetine to cause cell growth inhibition, cell death induction, and anticancer effect in HT29-xenografted mice.
Programmed cell deaths are vitally important processes for maintaining the morphological patterns and physiological tissue homeostasis during development. 24 Apoptosis, a mode of cell death, is a crucial and common response to cytotoxic treatments. Activation of caspases and PARP are the central events underlying apoptosis. In turn, active caspase-8 causes the cleavage of caspase-3 and -7, leading to widespread cell death. 25, 26 Alternatively, the intrinsic pathway can be activated by diverse non-receptor-mediated stimuli.
These stimuli induce the activation of one or more members of the BH3-only protein family against the anti-apoptotic activity of B-cell
Paroxetine induces molecular alterations in HCT116 and HT29 cells. A, Phospho-RTK analysis of HCT116 and HT29 cells. Cells were treated with 10 μM paroxetine for 24 h, and cell lysates were assayed using a human phospho-RTK array kit. Phosphorylation levels were measured using Image J software and normalized to reference spots (R1, R2, and R3). The measured results (pixel density) are shown in a bar graph. B, Expression of several RTKs and phospho-RTKs. Whole cell lysates were assayed using western blot analysis by using antibodies against total or phosphorylated RTKs. C, Expression of downstream molecules of RTKs. Whole cell lysates were assayed using western blot analysis by using antibodies against total or phosphorylated AKT, ERK, p38, and JNK. GAPDH was used as a loading control lymphoma-2 (Bcl-2) family members. This causes mitochondrial outer membrane permeabilization, followed by the release of pro-apoptotic proteins from the intermembrane space of the mitochondria into the cytosol, thereby initiating the apoptosis program. [26] [27] [28] Here, our study revealed that treatment with paroxetine induced up-regulation of DR5 death receptor by tumour necrosis factor-related apoptosisinducing ligand (TRAIL) independent manner, leading to the activation of caspase 8, followed by the activation of caspase-3 (Figure 3B) . As a result, extrinsic apoptotic events were triggered, causing cell death by paroxetine treatment. In addition, paroxetine treatment also induced the decreased expression of Bcl-2 -an antiapoptotic protein ( Figure 3B ). Thereby, the apoptotic proteins such as caspase-3 and PARP were activated, inducing intrinsic apoptotic program together with extrinsic events, resulting in the death of paroxetine treated HCT116 and HT29 cells.
In our study, the IC 50 values for paroxetine in HT29 cells was lower than that in HCT116 cells, implying the differences in sensitivity depending on the type of tumour cells ( Figure 1B, C) . Moreover, at the same concentration of paroxetine, the apoptotic effect on HT29 cells was more than twice as that in HCT116 cells ( Figure 3A) . The different susceptibility of HCT116 and HT29 cell lines to paroxetine could be attributed to the differences in the response of these cell lines to paroxetine. Indeed, paroxetine-induced apoptosis in HT29 cells appears to be associated with decreased activity of ERBB3, which might further inhibit ERK and accelerate cell death ( Figure 4B, C) . Data are presented as mean ± SD (n = 8).
Statistical significance was determined using Student's t test (*P < 0.05, **P < 0.01, ***P < 0.001). B, Tumour weight was recorded after excision on the day of the termination of the experiment. Data are presented as mean ± SD (n = 8). ***P < 0.001 when compared to the control. C, Tumour size was measured three times per week by using calipers. D, Simplified diagram of the anticancer mechanism of paroxetine in colon cancer cells JANG ET AL.
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( Figure 4A , left) and phosphorylated EGFR, MET, ERBB3, Insulin R, and IGF-1R were basally detected in HT29 cells ( Figure 4A, right) .
MET is known to be abnormally activated in many cancers, and its activation has been reported to contribute to tumour growth, proliferation, and survival. 33, 34 These patterns were further confirmed by western blot analysis. Interestingly, phosphorylated MET decreased by paroxetine treatment in both the cell lines, suggesting that MET could be a common target for paroxetine ( Figure 4B ). Conversely, phosphorylated ERBB3 was highly detected exclusively in HT29 cells and significantly decreased after treatment with paroxetine (Figure 4B) . ERBB3 is also a protein known to be overexpressed and mutated in cancer cells. Many studies have shown that ERBB3 contributes to tumourigenesis, proliferation, and cell survival in cancer. 35 Downstream signalling of these RTKs revealed that the phosphorylation of ERK, p38, and AKT were markedly down-regulated. Therefore, the reduction in activated MET and ERBB3 causing the downregulation of active AKT, ERK, and p38 by paroxetine might lead to the inhibition of cell growth and survival ( Figure 5D ). In addition, inhibition of the anti-apoptotic effect of MET and ERBB3 might be one causes of paroxetine-induced cell death. Furthermore, the in vivo study results confirmed the in vitro data that paroxetine downgraded tumour growth in xenografted mice. Our findings suggest that paroxetine did not target a single tyrosine kinase receptor, but multiple RTKs simultaneously, advocating paroxetine as a promising anticancer agent in CRC therapy.
